Localized, band-shaped heavy rainfall was observed over the Niigata-Fukushima area on 13 July 2004 and over the Fukui area on 18 July 2004. Both areas are located on the Japan-Sea side of the Japan Islands. These heavy rainfall events were a result of an intensification of convective instability over the Baiu frontal zone, induced by the inflows of low-level humid air and middlelevel dry air. The middle-level air was considerably warm, not colder than the surrounding air. This indicates that the formation factors of heavy rainfall should be examined using convective instability, rather than potential instability.
Introduction
During the "Baiu season", which is the rainy season in June and July over the Japan Islands, localized heavy rainfall is often observed over the Baiu frontal zone. The surrounding environment in which the moist convection forms successively is necessary for the occurrence of heavy rainfall. During the Baiu season, low-level humid air passing around the Pacific high-pressure zone flows into the Japan Islands (Kato et al. 2003) . After this air is lifted to the level of free convection (LFC) over the Baiu frontal zone, moist convection forms and develops to the level where it loses buoyancy. This level is determined by the water vapor content of lifted air and the temperature of the surrounding atmosphere. Such consideration on the development of moist convection is based on that of potential instability. Here, the potential instability means the condition in which when low-level air is lifted adiabatically to the lifting condensation level, and is further lifted along the moist adiabat, the temperature of the lifted air is higher than that of the surrounding atmosphere. In other words, whenever there is a LFC, the atmosphere is potentially unstable. On the other hand, when heavy rainfall occurred, dry air was observed in the middle-level atmosphere (e.g., Ninomiya 1978) . This observation suggests that the concept of convective instability, which is defined from the vertical profile of equivalent potential temperature e, may be useful rather than that of the potential instability when the formation and maintenance mechanisms of heavy rainfall are considered.
Numerical approaches have been performed using a cloud-resolving model to examine the formation and maintenance mechanisms of the heavy rainfall observed during the Baiu season (e.g., Kato 1998; Kato and Goda, 2001 ). Kato and Goda (2001) noted that the heavy rainfall observed over Niigata area on 3 August 1998 was the result of an intensification of convective instability. This intensification was induced by the inflows of two different airs: low-level high e air and middle-level low e air. However, Kato and Goda (2001) did not check whether the middle-level atmosphere was dry or not. During the Baiu season in 2004, many localized heavy rainfalls were observed in the Japan Islands. Heavy rainfalls observed over the Niigata-Fukushima area on 13 July and over the Fukui area on 18 July brought serious floods and killed many peoples. As these areas are located on the Japan-Sea side, such heavy rainfall is rare because of the difficulty for lowlevel humid air to reach there.
The previous studies introduced above show that low-level humid air is necessary for the formation of heavy rainfall, and that accurate initial conditions of such air are necessary for numerical reproductions. The primary purpose of the present study is to obtain these by comparing the numerical simulations of the above mentioned two heavy rainfall events, and to examine problems associated with reproducing heavy rainfall.
Observations and formation factors of heavy rainfalls
The Niigata-Fukushima heavy rainfall observed on 13 July 2004 was a result of a long-lasting, stagnated, and band-shaped convective system. Figure 1 shows charts of three-hourly accumulated Radar-AMeDAS analyzed rainfall, which are estimated by meteorological radars and calibrated by surface rain gauge observations. Before 0600JST (JST = UTC + 9 hours), rainfall was observed widely over the Niigata area. Here, it should be noted that a band-shaped rainfall area formed north of the Noto Peninsula. This rainfall area rapidly extended eastward with an intensification of precipitation, and stagnated for several hours (Figs. 1b and 1c) . This stagnation created localized heavy rainfall. The formation and maintenance processes of this bandshaped rainfall system could be similar to those observed on 3 August 1998 (Kato and Goda 2001) . However, an examination on the detail mechanisms of the present rainfall system is a future issue.
The band-shaped convective system of the NiigataFukushima case formed over the stagnated Baiu front that was analyzed in the surface weather map (not shown). Figure 2 shows the analyzed fields of 950hPa-1
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Teruyuki Kato † Meteorological Research Institute, Tsukuba, Japan Kohei Aranami Japan Meteorological Agency, Tokyo, Japan level specific humidity, and 400hPa-level relative humidity and temperature at 0900JST on 13 July 2004. These fields were extracted from the Japan Meteorological Agency (JMA) mesoscale analysis (MANAL) using a fourdimensional variational assimilation technique (Numerical Prediction Division (NPD)/JMA 2002). Low-level humid air and middle-level dry air (Figs. 2a and 2b ) flowed into the Baiu frontal zone. These inflows enhanced and maintained the convective instability over the Baiu frontal zone. It is noted that the low-level and middle-level e distributions are the almost same as in Figs. 2a and 2b . The low-level humid air was lifted to the LFC ( 1000m) over the Baiu frontal zone with low-level wind convergence. The present convective system then formed and was developed and maintained by the inflow of middle-level dry air. The humid air was transported over the sea around the edge of the Pacific high-pressure zone. The dry air originated from a downdraft air over the Chinese continent. Therefore, the dry air was considerably warmer, not colder than the surrounding atmosphere (Fig.2c) . This showed that the inflow of the middle-level air never enhanced the potential instability over the Baiu frontal zone, because it decreased the buoyancy of lifted air in the moist convection.
The Fukui heavy rainfall observed on 18 July 2004 also resulted from a long-lasting, stagnated, and bandshaped convective system. Figure 3 shows the chart of three-hourly accumulated Radar-AMeDAS analyzed rainfall between 0600JST and 0900JST. A band-shaped rainfall area with a length exceeding 200 km lay south- eastward from the sea, similar to that of NiigataFukushima heavy rainfall. This heavy rainfall was also the result of an intensification of convective instability over the Baiu frontal zone that was induced by the inflows of low-level humid air and middle-level dry air (not shown).
An isentropic potential vorticity (IPV) analysis was performed to examine the influence of the upper-level atmosphere on the formation and intensification of the two present heavy rainfalls. The 345-K IPV field (10km to 12km altitude) showed that no high PV area moved southward into the Baiu frontal zone, while a remarkable ridge existed there (not shown). This indicates that atmospheric conditions between the low and middle levels determine the formation of most of the heavy rainfall observed during the Baiu season, as pointed out by Kato and Goda (2001) .
Numerical models and descriptions
Numerical reproductions for the present heavy rainfall events were attempted using a cloud-resolving JMAnonhydrostatic model with a horizontal grid of 1.5 km and 5 km (1.5km-NHM and 5km-NHM, Forecast Department/JMA 2003). The horizontal model domain of 5km-NHM used in this study is the same as that of the Mesoscale model of JMA with a horizontal grid of 10 km (MSM, NPD/JMA 2002), i.e., about 3600km x 2900km. The 1.5km-NHM has the horizontal domain of about 800km square, in which Niigata or Fukui area is centered. The vertical grid of both models contains 50 levels with variable grid intervals of 40 m (near the surface) to 886 m (at the top of the domain), and the model top is located at 21.8 km. The initial and boundary conditions of 5km-NHM were produced from the MANAL and forecasts of the JMA Regional Spectral Model (NPD/JMA 2002), respectively. The 1.5km-NHM was nested within the forecasts of 5km-NHM. In both NHMs, microphysics with the ice phase are used as precipitation processes, and the Kain-Fritsch convective parameterization scheme (Kain and Fritsch 1990 ) is also used conjunctionally in the 5km-NHM. The initial time of the 5km-NHM was 2100JST and that of 1.5km-NHM was 2200JST 12 (17) July 2004 for the NiigataFukushima (Fukui) heavy rainfall event. Figure 4 shows the three-hourly accumulated rainfall distributions predicted by the MSM, 5km-NHM and 1.5km-NHM for the Niigata-Fukushima heavy rainfall event. The MSM predicted some strong rainfall area exceeding 20 mm per 3hours around the Niigata area, but the areas were not band-shaped (Fig. 4a) . The prediction of 5km-NHM (Fig. 4b) was not enough to reproduce the band-shaped feature of rainfall areas. However, the 1.5km-NHM successfully predicted a band-shaped rainfall area (Fig. 4c) , although the predicted precipitation intensity was weaker than the observation (Fig. 1c) . This success could result from the 1.5km-NHM being able to reproduce a cumulonimbus life cycle within a one-hour lifetime. Figure 5 shows the three-hourly accumulated rainfall distributions predicted by the 1.5km-NHM for the Fukui heavy rainfall event. Even when the 1.5km-NHM was applied to this event, it could not predict any localized band-shaped rainfall area. This indicates that a cloud-resolving model cannot reproduce a heavy rainfall event, when coarse-resolution models (e.g., MSM) predicts little strong precipitation around the observed heavy rainfall areas (not shown).
Results
The failure of the Fukui case was examined using the initial 950hPa-level specific humidity fields of MSM and 5km-NHM (Fig. 6a) , and that of MANAL after 12 hours (Fig. 6b) . The inflow of low-level humid air is found over the area marked by a white bold circle in Fig.6b , where the heavy rainfall was observed. This inflow could bring about the heavy rainfall. The middlelevel dry air also moved into the same area, and enhanc- ed the convective instability there (not shown). The lowlevel humid air which brought the heavy rainfall was traced back to the area marked by a dashed white cycle in Fig.6a in the initial field of MSM. Figure 7 shows the 950hPa-level specific humidity field of the MSM prediction at 0900JST 18 July. The humid air with the specific humidity exceeding 16 g kg 1, which would be enough to bring heavy rainfall, did not reach the Fukui area. Therefore, the 1.5km-NHM failed to predict the heavy rainfall due to an inaccurate analysis of the low-level wind field over the sea which determined the movement of the humid air inducing the heavy rainfall. The improvement of the initial condition in the Fukui case to ascertain this, such as in Kato et al. (2003) , will be addressed in a future study.
Conclusion
In this study, the formation factors of the 2004 Niigata-Fukushima and Fukui heavy rainfalls were examined, and their numerical reproductions were attempted using a cloud-resolving model. Both heavy rainfalls resulted from an intensification of convective instability over the Baiu frontal zone that was induced by the inflows of low-level humid air and middle-level dry air. The cloud-resolving model predicted the Niigata-Fukushima heavy rainfall well, but not the Fukui heavy rainfall poorly. The failure in the Fukui case appears to be the result of an uncertain analysis of the wind field over the sea.
The paths of the low-level humid air and middlelevel dry air bringing heavy rainfall were examined. Since the Japan Islands are surrounded by the sea, these air flows must pass over the sea before reaching the islands. However, since upper-air sounding is seldom operated over the sea, it is difficult to make a highly accurate analysis of atmospheric conditions there. Kato et al. (2003) pointed out that the analysis of water vapor is most difficult because it is independent from the other observed variables. Furthermore, even a slight mistake in the analyzed wind field, as found in the Fukui case, may cause a false prediction of heavy rainfall. It is noted that an analysis over areas where no observation is available is mainly made from the uncertain forecasts using the previous initial conditions. Therefore, this study suggested that new systems are required to accurately observe the atmospheric conditions over the sea. 
